Introduction {#s1}
============

The striatum (STR) plays a key role in learning, memory and motor control (Mink, [@B38]) and is implicated in a variety of neurological disorders. It constitutes the main input nucleus of the basal ganglia, receiving major afferents from the cortex, the thalamus and the dopaminergic midbrain (Bolam et al., [@B4]). Predominantly composed of GABAergic projection neurons, the striatum contains a small proportion of cholinergic interneurons (CIN) that, despite their low number, have been proposed to provide the striatum with one of the highest concentrations of cholinergic markers in the brain (Macintosh, [@B31]; Hebb and Silver, [@B21]; Woolf et al., [@B67]; see review by Lim et al., [@B30]).

Historically, the evidence suggested that CINs are the principal source of cholinergic markers in the striatum (Bennett et al., [@B3]; Wang et al., [@B63]; Ding et al., [@B12]; Goldberg et al., [@B16]; see review by Calabresi et al., [@B7]) but our recent analysis of brainstem cholinergic neurons \[pedunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LDT)\] using anterograde conditional tracing, identified that these neurons target the striatum (Dautan et al., [@B10]; see also Saper and Loewy, [@B51]; Smith and Parent, [@B59]; Hallanger and Wainer, [@B20]; Nakano et al., [@B43]). Similar to CINs, projections from the brainstem largely avoid striosomes, have extensive ramifications and give rise to both symmetric and asymmetric synapses, although their proportions vary (Dautan et al., [@B10]). Notably, brainstem cholinergic projections exhibit a rostrocaudal topographical organization, where the PPN (rostral brainstem, associated with motor circuits) predominantly targets the dorsolateral striatum, and the LDT (caudal brainstem, associated with limbic circuits) targets the dorsomedial striatum and nucleus accumbens. Thus, the extrinsic cholinergic innervation of the striatum follows a functional motor-to-limbic gradient, but the extent to which this also involves other cholinergic structures is not known, particularly in light of recently developed technologies that allow increased sensitivity to detect phenotype-specific labeling of axons.

Cholinergic innervation of the brain is widely distributed and predominantly originates from eight anatomically segregated nuclei: medial septum (Ch1), the vertical limb of the diagonal band of Broca (Ch2), the horizontal limb of the diagonal band of Broca (Ch3), the nucleus basalis of Meynert (Ch4), the PPN (Ch5), the LDT (Ch6), the medial habenula (Ch7) and the parabigeminal nucleus (Ch8) (Mesulam et al., [@B35],[@B36]; Mufson et al., [@B41]; Mesulam and Geula, [@B34]; Mesulam, [@B37]). While there is some evidence of connectivity between neurons contained within these regions and the striatum (e.g., Wall et al., [@B62]), it is uncertain whether these neurons are cholinergic and thus contribute to the cholinergic innervation of the striatum. Because of the potential implications of additional sources of acetylcholine in the striatum, we investigated this possibility by targeting all eight brain cholinergic nuclei using a combined anterograde and retrograde analysis of cholinergic neurons and created maps of their axonal distributions. Our results support the previous findings of a direct cholinergic brainstem projection to the striatum, and demonstrate that the PPN and LDT constitute the only external source of acetylcholine to the striatum.

Materials and Methods {#s2}
=====================

Animals {#s2-1}
-------

Adult (250--350 g) male Long Evans (LE) wild types (*n* = 8) and Chat::Cre^+^ (*n* = 19; Witten et al., [@B65]) rats were used for all experiments. Rats were maintained on a 12 h light/dark cycle (light on 07:00 am) and had *ad libitum* access to water and food. All procedures were performed in accordance with the Society of Neuroscience policy on the use of animals in neuroscience and the Animals (Scientific Procedures) Act, 1986 (UK) under the authority of a Project Licence approved by the Home Office and the local ethical committee of the University of Oxford.

Stereotaxic Injections {#s2-2}
----------------------

All surgical procedures were performed during deep isoflurane anesthesia (2% in O~2~, IsoFlo, Schering-Plough). ChAT::Cre^+^ rats were injected in each hemisphere with adeno-associated virus serotype 2 carrying the fusion genes for the enhanced yellow fluorescent protein (AAV2-EF1a-DIO-eYFP) or mCherry protein (AAV2-EF1a-DIO-mCherry; Gene Therapy Center Virus Vector Core, University of North Carolina). The viral vectors were injected in a volume of 300 nl for the forebrain cholinergic structures (Ch1 to Ch4) to avoid spreading over contiguous cholinergic structures, whereas a volume of 500 nl was used for the other cholinergic nuclei (Ch5 to Ch8). The injection sites were randomized for hemisphere and fluorescent reporter. Viral injections were delivered in eight different locations corresponding to the eight cholinergic groups described by Mesulam et al. ([@B35],[@B36]) using the following stereotaxic coordinates (from bregma, in mm; DV ventral to the dura): Ch1 (medial septum) AP +0.7, ML +0.2, DV −4.5; Ch2 (vertical limb of the diagonal band) AP +0.5, ML +0.4, DV −7.5; Ch3 (horizontal limb of the diagonal band) AP +0.1, ML +1.6, DV −8.5; Ch4 (nucleus basalis of Meynert) AP +0.9, ML +2.5, DV −7.0; Ch5 (PPN) AP −7.3, ML +1.8, DV −7.2; Ch6 (LDT) AP −8.5, ML +1.0, DV −6.0; Ch7 (medial habenula) AP −3.5, ML +0.3, DV −4.0; and Ch8 (parabigeminal nucleus) AP −4.5, ML +4.3, DV −5.5 (Paxinos and Watson, [@B47]).

For the retrograde tracing studies, wild-type LE rats were injected bilaterally with cholera toxin b (Ctb, 2.5% in distilled water, 400 nl over 10 min, Sigma-Aldrich) and Fluorogold (FG, 2.0% in distilled water, 300 nl over 10 min, Fluorochrome) in dorsal striatum and nucleus accumbens. Injections sites, hemispheres and tracers were randomized across animals. Injections were delivered in the dorsal striatum and the nucleus accumbens using the following stereotaxic coordinates (from bregma, in mm; DV ventral to the dura): dorsal striatum AP +0.5, ML +2.1, DV −4.5; nucleus accumbens AP +1.5, ML +1.8, DV −6.7.

For all experiments, injections were made using 1 μl syringes (Neuros 7001, Hamilton) at a rate of 50 nl/min and left to diffuse for 5 min before retraction of the syringe. Approximately 4 weeks following AAV injections, or 10--15 days following tracers injections, rats were humanely euthanized using a lethal dose of pentobarbital (\>200 mg/kg, i.p.) and perfused transcardially with 0.05 M PBS, pH 7.4 (approximately 50 ml over 5 min), followed by 300 ml of 4% w/v paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) containing 0.1% glutaraldehyde (TAAB Laboratories) over about 20 min. Brains were stored at 4°C until sectioning.

Immunohistochemistry {#s2-3}
--------------------

Brain blocks were formed using 2% agarose gel in PBS (Agarose, BIO-41025, Bioline). Coronal or parasagittal sections were cut at 50 μm thickness in PBS using a vibrating microtome (VT1000S, Leica). For each experiment, the sites of injection were verified by fluorescent microscopy and only those with on-target injections were processed further. For the anterograde tracing study, one section every 300 μm of the entire brain was analyzed. Sections were incubated overnight in a solution containing antibodies against green fluorescent protein (GFP, which also detects eYFP; 1:1000 dilution, raised in rabbit, A21311, Invitrogen), mCherry (1:500, raised in mouse, Millipore), choline acetyltransferase (ChAT; 1:500, raised in goat, Millipore) and tyrosine hydroxylase (TH, in order to define striatal borders; 1:500, raised in chicken, Abcam). The antibodies were diluted in 1% normal donkey serum (NDS) and 0.03% Triton X-100 in PBS. After several washes in PBS, the sections were incubated for a minimum of 4 h in secondary antibodies (all raised in donkey, Jackson Immunoresearch) conjugated to one of the following fluorophores: Alexa Fluor 488 (1:1000), CY5 (1:1000), CY3 (1:1000) or AMCA (1:500).

For the retrograde tracer injections, all sections that included each of the cholinergic nuclei (Ch1--Ch8) were collected. Following an overnight incubation with antibodies against ChAT (1:500) and Ctb (1:500, raised in mouse, Abcam), sections were washed in PBS and then incubated in Cy3- or Cy5-conjugated secondary antibodies (1:1000 and 1:500, respectively; raised in donkey, Jackson Immunoresearch). For FG detection, no additional processing was required.

The processed sections were mounted on slides using Vectashield and then examined in a confocal microscope (LSM-510, Zeiss) at two magnifications (10×, 0.32 NA and 20×, 0.8 NA), using the corresponding filters (504 nm for FG and YFP, 560 nm for Cy3 and mCherry, and 650 nm for Cy5). Brightness and contrast of captured images were adjusted in Photoshop (Adobe Systems). AAV-injected sections were contoured and fully scanned on a single Z-stack using StereoInvestigator (MicroBrightField; 10×, 0.25 NA). For each scanned site, the top and bottom of the section were manually delimited based on the section surface and single pictures were captured (2048 × 1056 pixel resolution) at 10 μm below the surface of the section to ensure that the antibody completely penetrated the section (frame size 860 × 660 μm). Scanning sites were selected using the StereoInvestigator system incorporating a XYZ stage controller and a 25% overlap was selected to facilitate reconstruction. To avoid photobleaching, an inter-acquisition interval of 50 ms was applied during scanning. Exposure time was automatically adapted for every site in order to keep the same intensity threshold.

Analysis and Quantification of the Distribution of Cholinergic Axons {#s2-4}
--------------------------------------------------------------------

Scans from AAV-injected brains were reconstructed off-line based on the 2D serial section reconstruction module of StereoInvestigator. Scans were then overlapped with outlines of the rat brain atlas (Paxinos and Watson, [@B47]) with the aid of the TH and ChAT immunostaining. Injection sites with GFP cell body expression less than 30% of the total number of ChAT-positive neurons within the diffusion area, or with positive soma located outside the borders of the nucleus (for contiguous cholinergic structures), were excluded from the analysis.

The density of AAV-positive fibers in each nucleus was qualitatively assessed off-line. Representative levels for each main brain nuclei/region were scored using a predetermined density rating. The relative density was scored 4+ for many labeled fibers covering approximatively more than 50% of the selected image surface ("very dense"). Nuclei were labeled as 3+ or 2+ when projections covered approximatively more than 25% ("dense") or less than 25% ("moderate") of the surface, respectively. Structures were noted 1+ ("few") when only few terminals were visible. All brains were scanned and only nuclei presenting similar scores in at least two animals were considered. Fibers without terminals or arborization, defined as fibers *en-passage*, were excluded from the mapping.

Analysis of the Distribution of Retrogradely Labeled Neurons {#s2-5}
------------------------------------------------------------

Brains injected with retrograde tracers were sectioned and scanned as described above. Parasagittal and coronal sections that included the striatum and all cholinergic nuclei were examined. Single optical sections containing cholinergic neurons were obtained at high resolution (20×, 0.8 NA, step size 1 μm, 2056 × 1056 pixels) for the fluorescent channels corresponding to the labeling of ChAT^+^, FG^+^ and Ctb^+^ neurons. Analysis of the distribution of retrogradely labeled neurons was carried out using StereoInvestigator functions: the cholinergic nuclei borders were outlined based on ChAT-immunolabeling using *contour* tools, an overlay projection of the Z-stack was obtained based on *average intensity* tools, colocalization of ChAT, Ctb and FG was quantified using the *markers* plugin. A minimum of two single optical sections were examined. Neurons within the borders of each cholinergic nucleus were classified as follows: (1) ChAT^+^/Ctb^+^; (2) ChAT^+^/FG^+^; (3) ChAT^-^/Ctb^+^; and (4) ChAT^-^/FG^+^. Data were confirmed in a minimum of four animals where Ctb and FG injections were alternated between dorsal striatum and nucleus accumbens.

Results {#s3}
=======

Conditional Labeling and Mapping of Cholinergic Axons {#s3-1}
-----------------------------------------------------

Transduction of cholinergic neurons in Ch1 to Ch8 areas in ChAT::Cre^+^ rats following the insertion of the reporter transgene produced strong and discrete eYFP or mCherry signals in neurons immunopositive for ChAT (Figure [1](#F1){ref-type="fig"}). Reporter labeling was observed in cell bodies, dendrites and local axons within the sites of injection. No differences were observed in the labeling produced by eYFP or mCherry (data not shown), nor in the labeling specificity among cholinergic structures. The labeling of cholinergic neurons with fluorescent reporters was confirmed by immunohistochemistry for ChAT in the following structures: dorsolateral striatum (Figure [1A](#F1){ref-type="fig"}), nucleus accumbens (Figure [1B](#F1){ref-type="fig"}), medial septum (Ch1; Figure [1C](#F1){ref-type="fig"}), the vertical limb of the diagonal band of the nucleus of Broca (Ch2; Figure [1D](#F1){ref-type="fig"}), the horizontal limb of the diagonal band of the nucleus of Broca (Ch3; Figure [1E](#F1){ref-type="fig"}), the nucleus basalis of Meynert (Ch4; Figure [1F](#F1){ref-type="fig"}), the pedunculopontine nucleus (Ch5; Figure [1G](#F1){ref-type="fig"}), the laterodorsal tegmental nucleus (Ch6; Figure [1H](#F1){ref-type="fig"}), the medial habenula (Ch7; Figure [1I](#F1){ref-type="fig"}) and the parabigeminal nucleus (Ch8; Figure [1J](#F1){ref-type="fig"}). Injections in the striatum and nucleus accumbens produced labeling of interneurons whose axons were contained within the striatal borders but extended ventrally or dorsally beyond the site of injection. However, no overlap between the axons from each region was detected, suggesting that the area of innervation of cholinergic axons is restricted within their functional domains. Medial septum injections were targeted to its mediodorsal region to avoid overlap with the diagonal band of the nucleus of Broca, which resulted in bilateral expression (Figure [1C](#F1){ref-type="fig"}). The vertical limb (Figure [1D](#F1){ref-type="fig"}) and the horizontal limb (Figure [1E](#F1){ref-type="fig"}) are very ventral structures surrounded by the ventral pallidum dorsally and the olfactory tubercle laterally; both show a high density of small cholinergic neurons. The nucleus of Meynert, situated ventral to the globus pallidus (GP), contained loosely distributed, small cholinergic neurons (Figure [1F](#F1){ref-type="fig"}), consistent with Mesulam et al. ([@B35],[@B36]).

![**Transduction of cholinergic neurons in different brain regions.** Coronal (Ch1 to Ch7) or sagittal (Ch8) sections showing the sites of cholinergic neuron transduction following injections of AAV2-DIO-EF1a-eYFP and AAV2-DIO-EF1a-mCherry into the striatum and the brain cholinergic nuclei (Ch1 to Ch8). Sections were immunolabeled for ChAT to outline cholinergic structures and verify the specificity of the reporter expression (eYFP, 92%; mCherry, 88%). eYFP or mCherry expression was observed in the dorsal striatum **(A)**, nucleus accumbens **(B)**, medial septum (Ch1; **C**), the vertical limb of the diagonal band of Broca (Ch2; **D**), the horizontal limb of the diagonal band of Broca (Ch3; **E**), the nucleus basalis of Meynert (Ch4; **F**), the pedunculopontine nucleus (Ch5; **G**), the laterodorsal tegmental nucleus (Ch6; **H**), the medial habenula (Ch7; **I**) and the parabigeminal nucleus (Ch8; **J**). All the injections were confined to their corresponding anatomical borders, as defined by Paxinos and Watson ([@B47]). Abbreviations: aca, anterior commissure; aq, aqueduct; cc, corpus callosum; GP, globus pallidus; hip, hippocampus: HDB, horizontal limb of the diagonal band of the nucleus of Broca; LDT, laterodorsal tegmental nucleus; lHb, lateral habenula; Mey, nucleus basalis of Meynert; mHb, medial habenula; MITg, microcellular tegmental nucleus; ms, medial septum; ot, olfactory tubercle; PBN, parabigeminal nucleus; PPN, pedunculopontine nucleus; STR, striatum; V3, third ventricle; VDB, ventral limb of the diagonal band of the nucleus of Broca; VP, ventral pallidum. Scale bars: brain outlines, 1000 μm; low magnification panels (left), 500 μm; high magnification panels (center and right), 50 μm.](fnana-10-00001-g0001){#F1}

Medial septal (Ch1; Figure [2](#F2){ref-type="fig"}) cholinergic projections were mainly observed in the cingulate cortex (3+), the diagonal band of the nucleus of Broca (3+), the lateral septum (3+), the ventral pallidum (3+), hippocampus (4+) and the reticular thalamic nucleus (2+) (Nyakas et al., [@B44]; Kalén and Wiklund, [@B26]; Senut et al., [@B57]). No labeled axons were observed in the striatum or nucleus accumbens.

![**Mapping of cholinergic axons.** Six representative coronal sections (anterior and posterior to bregma; columns) were selected to map the projections of the cholinergic neurons in the different cholinergic nuclei (Ch1 to Ch8; rows). For each cholinergic cell group, the rows depict schematic summaries where green shaded areas indicate high density of fluorescently-labeled axons. Red squares indicate the site where the fluorescent images on the right were obtained. Abbreviations (if not defined previously): Accsh, nucleus accumbens shell; AccC, nucleus accumbens core; AID, agranular insular dorsal cortex, AIV, agranular insular ventral cortex; BLA, basolateral amygdala; CA1, CA1 field of the hippocampus; CE, central amygdala (L, lateral; M, medial; C, capsular); Cg, cingulate cortex; Den, dorsal endopiriform nucleus; fmi, external capsule; GI, granular insular cortex; gcc, genu of the corpus callosum; GP, globus pallidus; IEn, intermediate endopiriform nucleus; InG, intermediate gray layer superior colliculus; IPN, interpeduncular nucleus (c, caudal; r, rostral); LDL, laterodorsal thalamic nucleus lateral part; LENt, lateral enthorinal cortex; Lms, lateral septum; LSD, lateral septum dorsal part; M, motor cortex; MD, mediodorsal thalamic nucleus (M, medial; L, lateral); MoDG, molecular layer dentate gyrus; Op, optic nerves layer superior colliculus; Pir, piriform cortex; PoDg, polymorph layer dentate gyrus; RSGa, retrospinal granular cortex; Rt, reticular thalamic nucleus; S, somatosensory cortex; SuG, superficial gray superior colliculus; VP, ventral pallidum; VPL, ventro-posterior thalamic nucleus lateral part; VTA, ventral tegmental area. Scale bars: brain outlines, 1000 μm; fluorescent images, 200 μm.](fnana-10-00001-g0002){#F2}

The axons and terminals of cholinergic neurons located in the vertical limb of the diagonal band of the nucleus of Broca (Ch2; Figure [2](#F2){ref-type="fig"}) were found predominantly in the medial prefrontal cortex (3+), the cingulate cortex (4+), the orbital cortex (4+), the motor cortex (4+), the piriform cortex (4+), the lateral and medial septum (4+), the ventral pallidum (3+), the amygdala (4+), the rostral and caudal hippocampus (4+), zona incerta (3+), mediodorsal and reticular thalamic nuclei (3+) (Kalén and Wiklund, [@B26]; Sarter and Bruno, [@B53]; Henny and Jones, [@B22]). Injections in Ch2 did not produce axon labeling in the striatum or the nucleus accumbens. However, a few projections were visible in the olfactory tubercle.

The cholinergic neurons of the horizontal limb of the diagonal band of the nucleus of Broca (Ch3; Figure [2](#F2){ref-type="fig"}) gave rise to similar projection patterns as Ch2 cholinergic neurons. eYFP-positive terminals were found mainly in the cingulate cortex (4+), medial prefrontal cortex (3+), motor cortex (3+), somatosensory cortex (3+), piriform cortex (4+), insular cortex (3+) and prelimbic cortex (3+). This population of neurons also gave rise to projections to the ventral pallidum (4+), the amygdala (4+), hippocampus (4+), and reticular and mediodorsal thalamic nuclei (3+) (Záborsky et al., [@B68]; Kalén and Wiklund, [@B26]; Gaykema et al., [@B15]; Gritti et al., [@B18]; Henny and Jones, [@B22]). Analysis of the Ch3-injected rats never revealed positive axons within the striatum or nucleus accumbens. However, *en-passage* fibers within the olfactory tubercle were observed.

The labeling of cholinergic neurons in the nucleus basalis of Meynert (Ch4; Figure [2](#F2){ref-type="fig"}) revealed cholinergic projections primarily to the orbital cortex (3+), the peduncular cortex (3+), the insular cortex (2+), the piriform cortex (3+), the ventral pallidum (4+) and the amygdala (4+) (Nagai et al., [@B42]; Woolf and Butcher, [@B66]; Pearson et al., [@B48]; Saper, [@B52]; Baskerville et al., [@B2]; Schauz and Koch, [@B54]; Záborszky et al., [@B69]). No labeled axons were observed in the striatum, the nucleus accumbens or the olfactory tubercle.

Injections in the PPN (Ch5; Figure [2](#F2){ref-type="fig"}) revealed weak axonal labeling in the anterior cingulate (1+), motor cortex (1+) and the insular cortex (2+). Much stronger labeling was observed in the ventral pallidum (3+), the medial and lateral septum (2+), the globus pallidus (2+), the amygdala (2+), the ventral and dorsal lateral thalamus (3+), the reticular thalamic nucleus (3+), the superior colliculus (3+), the dopaminergic ventral midbrain nuclei (3+), the LDT (3+) and the gigantocellular tegmental field (3+) (Mitani et al., [@B39]; Semba and Fibiger, [@B56]; Lavoie and Parent, [@B29]; Futami et al., [@B14]; Oakman et al., [@B45]; Mena-Segovia et al., [@B32], [@B33]). Abundant labeled axons were observed in the dorsolateral striatum (3+), nucleus accumbens (3+) and olfactory tubercle (2+) (Dautan et al., [@B10]).

LDT-injected animals (Ch6; Figure [2](#F2){ref-type="fig"}) revealed labeled axons and terminals in the ventral pallidum (3+), medial and lateral septum (3+), globus pallidus (3+), amygdala (3+), reticular and medial thalamic nucleus (3+), inferior colliculus (2+), dorsal raphe (2+), gigantocellular tegmental field (3+) and the midbrain dopaminergic nuclei (3+) (Hallanger and Wainer, [@B20]; Motts et al., [@B40]; Holmstrand and Sesack, [@B24]). YFP-positive axons were observed in the dorsomedial striatum (2+), nucleus accumbens (3+) and olfactory tubercle (4+) (Dautan et al., [@B10]).

Medial habenula-injected animals (Ch7; Figure [2](#F2){ref-type="fig"}) showed a strong and discrete descending pathway that followed the fasciculus retroflexus and terminated in the interpeduncular nucleus (3+) (Cuello et al., [@B9]; Ren et al., [@B50]; Kobayashi et al., [@B27]). Animals injected in the parabigeminal nucleus (Ch8; Figure [2](#F2){ref-type="fig"}) showed an ascending pathway that spread densely in the inferior (3+) and superior colliculi (4+) (Mufson et al., [@B41]; Fitzpatrick et al., [@B13]). No rostrally projecting pathway was observed in animals injected either in the medial habenula or the parabigeminal nucleus; detailed examination of the striatum, accumbens and olfactory tubercle revealed no labeling within their borders.

The descriptions above comprise the main areas of innervation for each of the cholinergic groups.

Retrograde Tracing {#s3-2}
------------------

Injections into the striatum and nucleus accumbens (Figures [3A,C](#F3){ref-type="fig"}) revealed widespread cell body labeling (Figure [3E](#F3){ref-type="fig"}), but predominantly in the deep layers of the motor, somatosensory and limbic cortices (Figures [3B,D](#F3){ref-type="fig"}). Dorsal striatum injections also produced a strong signal in the thalamus, predominantly in the anterior thalamic nucleus (ATN), the central-median, the parafascicular and the ventro-posterior nuclei. In contrast, nucleus accumbens injections led to retrograde labeling mainly in the parafascicular and medial thalamic nuclei. Further labeling following dorsal striatum injections was observed in the lateral substantia nigra compacta, whereas injections delivered in the nucleus accumbens produced labeling in the ventral tegmental area and medial substantia nigra pars compacta. Other nuclei that contained retrogradely labeled neurons include the GP, the ventral pallidum, dorsal raphe, ventral hypothalamus and locus coeruleus.

![**Distribution of neurons projecting to the dorsal striatum and nucleus accumbens. (A,C)** Deposits of Ctb or FG were delivered into the dorsolateral striatum (STR) or nucleus accumbens (acc; this was alternated across animals), as shown in these examples from sagittal sections. **(B)** Representative examples of retrograde labeling in the motor cortex (M1 ctx) and substantia nigra pars compacta (SNc) following an injection in the dorsolateral striatum. **(D)** Representative examples of retrograde labeling in the prelimbic cortex (PrL ctx) and anterior thalamic nucleus (ATN) following an injection in the nucleus accumbens. **(E)** Mapping of retrogradely labeled neurons across the brain at two representative sagittal levels (lateral to bregma: 0.4 and 1.55 mm; each dot represent a positive cell body; FG, green; Ctb, red). Scale bars: **(A,C)** 1000 μm; **(B,D)** 200 μm; **(E)** 5000 μm.](fnana-10-00001-g0003){#F3}

Labeling of neurons within the borders of cholinergic structures (Ch1--Ch8) was observed in the nucleus of Meynert, PPN and LDT, with no neurons detected within the borders of Ch1, Ch2, Ch3, Ch7 or Ch8 groups (Figure [4](#F4){ref-type="fig"}). However, ChAT immunolabeling revealed that the majority of the retrogradely labeled neurons in the PPN and LDT are cholinergic (as reported in Dautan et al., [@B10]), whereas none of the retrogradely labeled neurons in the nucleus of Meynert was immunopositive for ChAT. These results further confirm the presence of a cholinergic projection from the PPN/LDT to the striatum and nucleus accumbens and shows that no other cholinergic nuclei contribute to the innervation to the striatal complex.

![**Retrograde labeling in cholinergic cell groups Ch1--Ch8.** Following injections of the retograde tracers in the dorsolateral striatum, retrogradely-labeled neurons were absent in Ch1, Ch2, Ch3, Ch7 and Ch8, and present in Ch4, Ch5 and Ch6, but co-expression with ChAT immunolabeling was only observed in Ch5 and Ch6. In these examples, neurons projecting to the striatum were labeled by the Ctb (red) and neurons projecting to the nucleus accumbens were labeled by the FG (green). The arrow indicates a neuron containing FG that is ChAT-negative. Images from Ch1 to Ch7 were obtained from coronal sections, whereas the image from Ch8 was obtained from a sagittal section. Scale bars: Ch1 to Ch8, 100 μm.](fnana-10-00001-g0004){#F4}

Discussion {#s4}
==========

Following the recent report of an extensive, extrinsic source of acetylcholine in the striatum (Dautan et al., [@B10]) using novel tracing technologies, we evaluated here the possibility that the enhanced sensitivity of these techniques may reveal that other cholinergic structures across the brain contribute to the cholinergic transmission in the striatum. We targeted all eight cholinergic neuron groups to induce conditional anterograde labeling of cholinergic axons and observed that, besides the PPN and LDT (Ch5 and Ch6, respectively), no other cholinergic group gave rise to axons in the dorsal striatum or nucleus accumbens. A comprehensive mapping of the axon distribution of these structures shows presence of labeled axons in all of their known targets, thus corroborating the accuracy and specificity of our cholinergic transductions. Furthermore, analysis of retrogradely labeled neurons from the striatum and nucleus accumbens shows labeling of cholinergic neurons exclusively in the PPN and LDT. Our results thus confirm that no other sources of acetylcholine for the striatum exist besides the local interneurons and the cholinergic brainstem. These findings have important implications for understanding the role of the brainstem in striatal modulation and enable us to define more clearly and in clear functional terms the role of cholinergic systems in the modulation of striatal/basal ganglia circuits.

Technical Considerations {#s4-1}
------------------------

The use of a Cre recombinase rat line together with AAV injections allowed us to target anatomically-restricted cholinergic groups and map their projections. However, virus injections necessary to reach a representative proportion of cholinergic neurons in each structure can potentially diffuse several hundred microns (Dautan et al., [@B10]), which becomes problematic for those cholinergic cell groups that form a continuum (e.g., Ch1, Ch2, Ch3). To overcome this difficulty, preventing the spread of the transduction over contiguous cholinergic groups and restricting the labeling to the defined borders of each structure, the volume of the injections was adjusted for each structure based on our preliminary assessments. Because our data is not used to evaluate the quantitative density of axons but it is rather based on the qualitative expression, the variations on the virus injection volumes are unlikely to affect the conclusions of this study.

The expression of eYFP can give rise to a low signal to noise ratio in thin axon shafts and small terminals, some of which can be photobleached rapidly and thus become difficult to detect during on-line analysis. In order to circumvent the possibility of false-negatives due to factors of this nature, we enhanced the YFP signal by immunostaining and performed the analysis off-line, thus minimizing the exposure of the tissue to the fluorescent light. It is worth noting that YFP labeling produces a complete labeling of axon terminals, as demonstrated previously by electron microscopy (Dautan et al., [@B10]), which may provide some advantage of sensitivity over conventional anterograde tracers and may account for the detection of previously unidentified targets. Additional validation of the data from the ChAT::Cre^+^ rats was obtained by the use of conventional retrograde tracers in wild-type rats. Our results showed that no retrogradely-labeled cholinergic cell bodies were observed in any of the cholinergic cell groups whose axons were absent from the striatal complex (i.e., Ch1--Ch4, Ch7 and Ch8), and in contrast, retrogradely-labeled cholinergic cell bodies were detected in the Ch5 (PPN) and Ch6 (LDT) regions, whose axons widely innervated the striatum and nucleus accumbens.

Cholinergic Transmission in the Striatum {#s4-2}
----------------------------------------

The effects of acetylcholine in the striatum are varied and complex (Sugita et al., [@B60]; Koós and Tepper, [@B28]; Goldberg et al., [@B16]). Muscarinic and nicotinic receptors are present at both the pre- and postsynaptic sites, and thus are able to regulate the activity of cortical, thalamic and dopaminergic terminals, as well as the activity of striatal projection neurons and different interneurons (Calabresi et al., [@B6], [@B7]; Volpicelli-Daley et al., [@B61]; Bonsi et al., [@B5]; see review by Lim et al., [@B30]). The existence of an additional source of acetylcholine, provided by the brainstem, may be correlated to the diversity of acetylcholine receptors. Dissecting these two cholinergic systems thus becomes critical to fully understand the implications of cholinergic signaling in the striatum. Furthermore, because the cholinergic brainstem provides collaterals to the thalamus and the dopaminergic midbrain, two of the most important afferent systems to the striatum, it is likely that their influence on striatal circuits will be highly correlated with the thalamic and midbrain inputs. Such connectivity thus puts the PPN/LDT as an important station for striatal computations.

The lack of evidence from this advanced anatomical experimental approach of additional sources of acetylcholine to the striatum emphasizes the key role of the cholinergic brainstem for modulating striatal activity and basal ganglia function. Furthermore, because of the involvement of the PPN/LDT in neuropsychiatric disorders that affect predominantly the basal ganglia, and whose pathophysiology is associated with abnormal cholinergic transmission, such as Parkinson's disease (Hirsch et al., [@B23]; Hall et al., [@B19]), Huntington's disease (Picconi et al., [@B49]; Smith et al., [@B58]), progressive supranuclear palsy (Warren et al., [@B64]), and dystonia (Sciamanna et al., [@B55]), the evidence of a direct projection to the striatum opens new avenues for the interpretation of these abnormal processes and the challenges they pose. Further work is necessary to define the roles of this pathway in the activity of the basal ganglia in heath and disease.
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